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The combined application of mineral fertilizer and biochar significantly improves the passivation of heavy
metal-contaminated soil, surpassing the effects of individual application. This study has reinforced the
validation of their passivation competence as soil remediation agents by examining the multifaceted role of
potassium-silicon-calcium mineral fertilizer combined with rice husk-based biochar generated at different
pyrolysis temperatures. The soil leaching column experiment, conducted based on the adsorption
experiments, has facilitated our scrutiny of the passivation impacts of cadmium (Cd) and lead (Pb) when
introducing different proportions of mineral fertilizers and biochar into the soil. These results indicate that
biochar’s adsorption efficiency for Cd and Pb is significantly improved at escalated pyrolytic temperature
conditions in a single solution. The biochar generated at 700°C (C700) renders adsorption effectiveness of
approximately 84.24% for Cd and 99.74% for Pb. Biochar conspicuously registers superior adsorption
efficiency towards Pb relative to Cd. The mineral fertilizer, which achieves an adsorption efficiency of
97.76% for Cd, is identified as the main adsorbent for Cd, although its competence is slightly lower
compared to C700 for Pb adsorption. Within a complex solution, biochar and mineral fertilizer show
reduced Cd and Pb adsorption levels compared to single solutions. There is a keen competition for
adsorption surfaces witnessed between Cd and Pb, with Pb’s distribution coefficient (K;) notably
outpacing that of Cd. The isothermal adsorption analyses depict that the mineral fertilizer follows the
Langmuir model for Cd adsorption, while C700 conveys the Freundlich model for Pb adsorption. The soil
leaching column experiment’s results signify that the composite passivation agents significantly
outperform the individual passivation agents in efficiency. The combined application of biochar and
mineral fertilizer minimizes the cumulative leaching of Cd and Pb, with the optimal soil remedy
proportion for heavy metal contamination being 7 : 3. In practical application, mindful consideration
should be accorded to the deployment ratios of different passivation agents.

©2025 China Geology Editorial Office.

1. Introduction

Soil contamination hampers

sustainable agricultural

and accumulation ability in the soil (Bao LR et al., 2020; Xu
HL et al, 2021). The prolonged accumulation of high
concentrations of heavy metals can result in decreased

progression and can potentially cause issues concerning the
ecosystem, public health, and societal developments (Yang L
et al., 2018; Liu RP et al., 2020). Anthropogenic activities
have generated hazardous heavy metals, such as Cd and Pb,
which pose significant health risks due to their high migration
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oxygenation, porosity, and microbial activity in the soil,
which hampers plant root development and the adsorption and
transfer of beneficial elements. Furthermore, these heavy
metals can permeate the human body through skin contact,
inhalation, and indirectly via the food chain, posing a
significant threat to human health (Wang P et al., 2019; Lin J
et al., 2021). Consequently, the urgent development of an
environmentally friendly soil heavy metal remediation agent
has become imperative to alleviate and manage soil heavy
metal contamination.

The use of passivation agents in soil treatment is critical in
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responding to heavy metal pollution. This approach employs
the unique physicochemical attributes of passivation agents to
capture and modify the valence and availability states of
heavy metals, significantly curbing their mobility and toxicity.
Biochar, a restorative material of natural abundance, is
characterized by a vast specific surface area, excellent pore
structure, and cost-effectiveness, originating from a wide
range of sources. Its potential in restoring metal-contaminated
soils has demonstrated significant promise (Liang LP et al.,
2021; Rushimisha IE et al., 2022; Zhang K et al., 2023).
Generated through the pyrolysis of agricultural by-products
under temperatures below 700°C thermal conditions in an
optimally oxygen-limited setting, this carbon-dense substance
has been effectively harnessed in environmental restoration
efforts, particularly owing to its highly effective in reducing
the mobility of heavy metals in soil (Yin D et al., 2017).
Notwithstanding, the pyrolytic generation of biochar is
marred by its high wvolatility and a glaring lack of
encapsulation, resulting in heavy carbon losses and
consequentially compromising its adsorptive capacity.
Moreover , the nutritional content in common variants of
biochar falls short of the requisite levels. Therefore, one can
noticeably elevate biochar’s efficiency by modifying the
original substance or pairing it with other passivation agents.
An example is mineral fertilizer, synthesized by mimicking
the natural rocky weathering using hydrothermal methods.
This substance improves heavy metal-contaminated soil and
releases elements such as potassium and silicon during
continued weathering, thereby elevating soil fertility. Due to
their large specific surface area and porous structure,
weathered silicate minerals can adsorb and immobilize most
heavy metals, thereby reducing their incidence in crops and
enhancing crop quality (He YB et al., 2017; Xu Y et al.,
2017). Integrating biochar with a mineral fertilizer as a
passivation agent presents a mutually beneficial proposition,
amplifying the stability of the passivation, refining the soil
texture, and shielding crops against metals elements (Osman
Al et al., 2022)

Primarily, the wuse of modified biochar or their
combinations with iron compounds, alkali slag, limestone and
numerous other materials constitutes the mainstream
applications of biochar in the passivation of heavy metal
adsorption. However, despite our country’s escalating
promotion of mineral fertilizers, concentrating particularly on
their effects on plant growth, research remains scant in
combining mineral fertilizers and biochar for Cd and Pb
adsorption and soil leaching attributes. Consequently, this
study examines Cd and Pb adsorption characteristics and soil
remediation impacts of rice husk biochar, mineral fertilizer,
and different combinations of mineral fertilizer and biochar
through adsorption and leaching experiments. Furthermore,
this study aims to identify the optimal proportion of combined
usage of mineral fertilizer and biochar, hoping to provide
theoretical and technical support for the application mineral
fertilizers in Cd and Pb contaminated soils.

2. Materials and methods
2.1. Materials

The mineral fertilizers used in the experiment were
sourced from Sino-Mineral Technology. The basic
components of these fertilizers are CaO (35.8%), SiO,
(20.3%), K,0 (5.7%), Fe,05 (5.1%), and MgO (1.1%). After
being desiccated at a temperature 40°C in drying ovens, the
mineral fertilizers are pulverized into fine particles.
Subsequently, they are screened through an 80-mesh sieve.
The resulting ground product is then reserved for future
application and labelled “M”.

The rice husks used in biochar production, harvested from
Mianyuan Town, Shifang City, were thoroughly cleaned of
impurities, such as leaves and grass, using an ultrasonic
cleaner with deionized water. After being dried at a
temperature of 40°C in a drying oven, five portions of dried
rice husks were individually subjected to pyrolysis at 300°C,
400°C, 500°C, 600°C, and 700°C for 120 minutes in a muffle
furnace. After cooling to ordinary temperature, the resulting
specimens were extracted and finely ground through a 200-
mesh sieve to obtain high-quality rice husk biochar. These
biochar samples were labelled as C300, C400, C500, C600,
and C700, respectively, and were stored in sealed containers
for future use. The characteristics of biochar (700°C) and
mineral fertilisers are shown in Table 1.

2.2. Characteristics of soil and passivation agents

The soil samples employed in the experiment were
gathered from Shigu Town, Shifang City, situated in the
Sichuan Province (104°05'17.48" E, 31°05'46.40"” N). Upon
removing the uppermost layer of soil, the surface soil with a
depth ranging from 5-20 cm was extracted using a bamboo
shovel and carefully deposited into polypropylene bags.
Subsequently, the samples underwent natural air-drying at
ordinary temperature, purification, moderate grinding, and
sieving through a 10-mesh screen. Finally, the samples were
transferred into clean sample bags to prepare for the
subsequent experiments. The characteristics of soil is shown
in Table 1.

The soil utilised in the experiment is slightly acidic, with
Cd and Pb concentrations of 4.11 ng/g and 39.7 pg/g,
respectively. The Cd content surpasses the regulated threshold
for soil contamination risk in agricultural land, which is 2.0
pg/g (5.5<pH<6.5). Conversely, the Pb content is below the
established threshold for soil contamination risk in

Table 1. Characteristics of soil and passivation agents.

Samples  BET pore pore pH Pb(ng/ Cd
surface area  volume  size(nm) 2) (ng/g)
(m’/g) (cm’/g)

Soil - - - 5.94 39.7 4.11

Biochar  234.61 0.16 2.70 9.68 291 0.26

(700°C)

Mineral ~ 40.06 0.057 6.18 1098 1096 0.32

fertilisers
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agricultural land, which is 90 pg/g (5.5<pH<6.5) as specified
by GB 15618-2018. The mineral fertiliser and rice husk
biochar are alkaline and exhibit lower content of Cd and Pb
compared to the soil. Consequently, incorporating mineral
fertilizer and rice husk biochar into the soil for remediation
will not result in secondary pollution.

2.3. Research methodology

2.3.1. Adsorption experiment

Conduct single-solution and complex-solution adsorption
experiments to determine the adsorption characteristics of
biochar and mineral fertilisers on heavy metals. In the single-
element adsorption experiment, two groups of 0.1 g
passivation agents (C300, C400, C500, C600, C700, M) were
placed in 50 mL test tubes. To the first group, add 25 mL of
Cd** solution with a concentration of 20 mg/L (pH=5.5), and
to the second group, add 25 mL of Pb*>" solution with a
concentration of 60 mg/L (pH=5.5). Shake the tubes at a
constant temperature of 25°C and a shaking speed of 190
r/min for 24 hours. After completion, centrifuge the tubes at a
rate of 4000 r/min for 10 min, take 10 mL of the supernatant,
and filter it through a 0.45 pm membrane. Then, measure the
content of Cd and Pb in the solution. Repeat each experiment
three times.

In the experiment involving the adsorption of a complex
solution, the solution was formulated based on the Pb-to-Cd
ratio found in the surface soil of Sichuan Province (Shi ZM,
2014). The concentrations of Pb and Cd were set at 60 mg/L
and 20 mg/L, respectively, with a concentration ratio of 3:1,
and a pH of 5.5 was maintained. A weight of 0.1g of the
passivation agents (C300, C400, C500, C600, C700, M) was
accurately measured and placed into a 50 mL test tube.
Subsequently, 25 mL of the Cd-Pb mixed solution was added.
The remaining steps followed the protocol of the single-
solution adsorption experiment.

In the adsorption experiment of the complex solution with
composite inhibitors, 0.05g of the C700 and M passivation
agents were individually weighed and placed into 50 mL test
tubes. Then, 25 mL of the Cd and Pb complex solution was
added. The remaining steps were consistent with the single
solution adsorption experiment, including three replicate
samples for each condition.

Formulas for determining the removal efficiency (r, %)
and adsorption capacity at time t (g, mg/g):

g = (Cy—C)XV o

m

r= <C“ — C“) x 100% )
Co

In the equation, Cy, C, and C, represent the initial, time ¢,
and equilibrium concentrations of Cd** and Pb*" in the
solution, measured in mg/L. ¥ denotes the volume of the Cd*"
solution added, measured in mL, and m is the total mass of the
adsorbent material added, measured in g.

2.3.2. Isothermal adsorption experiment

In the isothermal adsorption experiment, the
concentrations of the Cd and Pb solutions varied within
specific ranges. The Cd solution had concentrations of 5
mg/L, 10 mg/L, 20 mg/L, 40 mg/L, 80 mg/L, 120 mg/L, 160
mg/L, 240 mg/L, and 320 mg/L, while the Pb solution had
concentrations of 15 mg/L, 30 mg/L, 60 mg/L, 80 mg/L, 100
mg/L, 120 mg/L, 160 mg/L, 240 mg/L, and 320 mg/L. The
pH of the solution remained constant at 5.5. A weight of 0.1 g
of passivation agents and a solution volume of 25 mL were
used for the adsorption process. All other steps in the
experiment were kept consistent with the adsorption
procedure. The experimental data were analysed by fitting it
to the Langmuir and Freundlich models, with the expressions
shown below:

L . quLCz' 3)

angmuir : g, = ———— -
8 = 17K, C. (

Freundlich : ¢, = K,C" )

In the equation, ¢, denotes the amount of Cd or Pb
adsorbed at equilibrium, C, (mg/g) represents the
concentration of Cd*" or Pb*" at equilibrium adsorption, ¢,
(mg/g) represents the maximum adsorption capacity estimated
by the Langmuir model. K, (L/mg) signifies the rate of the
adsorption to the desorption. K, (L'"-mg'""/"-g") is the
constant of the Freundlich model, where 1/n signifies the
adsorption intensity or surface heterogeneity.

2.3.3. Soil leaching column experiment

Through conducting leaching experiments to simulate the
variations in the leaching of Pb and Cd under natural
precipitation conditions, this study assesses the fixation
efficiency of different passivation on Cd and Pb in the soil
while also investigating the optimal proportion of mineral
fertiliser and biochar. The annual precipitation in the
experimental area ranges from 794-817 mm, with rainfall
typically being acidic. The principal influent ions encompass
SO, Ca®*, Mg*', NO;, and NH; (Zhang JJ, 2021; Lv XY et
al., 2022). Before the experiment, anhydrous CaCl,,
MgSO, 7H,0, MgCl,-6H,0, and HNO; were applied to
adjust the ion concentration of the leachate, accurately
mimicking natural rainfall conditions, and HCI was used to
adjust the pH to 6.0.

Biochar C700 and mineral fertiliser were integrated with
various ratios to produce passivation agents, labelled as
C10MO, C7M3, C5M5, C3M7, COM10, and a control group.
Six experimental groups were arranged in the leaching
experiment utilising a column with a total height of 50 cm and
an internal diameter of 4.5 cm. Each group was placed in a
PVC pipe, cleaned, dried, and uniformly applied to the inner
walls with petroleum jelly. The setup was successively filled
from the bottom with a quartz sand layer of 1 cm thickness, a
mixture of soil and passivation material (comprising 300 g of
10-mesh sieve-graded soil combined with 6 g of passivation
materials), another quartz sand layer of 1 cm thickness, one
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layer of nylon mesh, and one layer of plastic film. After
completion, sufficient deionised water was added to achieve
field capacity in the soil. The leaching apparatus is shown in
Fig. 1. After allowing a week for soil ageing, on day 8, 100
mL of deionised water was added to moisturise the soil,
initiating the leaching experiment on the day 9. Upon
commencement, the leachate was introduced using a
peristaltic pump, and it was collected every 24 hours for a
period of 16 days. The collected samples were preserved at
4°C for analysis.

2.4. Analytical method

The sample was combined with deionised water at a ratio
of 1:2.5 solid-to-liquid, and the pH of the supernatant
obtained post-centrifugation was assessed using a PHS-320
pH meter, which allowed for the determination of the pH of
mineral fertilisers and soil specimens. The pH of biochar was
gauged in a 1% (W/V) suspension in deionised water using an
Orion pH meter (Thermo Electron Corp., USA). The Nitrogen
Adsorption Multilayer Theory was utilised in conjunction
with the ASAP-2020M analyser (Micromeritics Instrument
Corp., USA) to measure the biochar’s BET (Brunauer-
Emmett-Teller) surface area. The concentration of heavy
metals across all experiments was identified using the
inductively coupled plasma mass spectrometer(ICP-MS,
Thermo Fisher Scientific, USA). Rigorous quality control was
maintained by the inclusion of blank and duplicate samples,
ensuring the relative standard deviation (RSD) remained
within the 5% range.

3. Results and discussion

3.1. Adsorption capacities of biochar and mineral fertilisers
for cadmium and lead

3.1.1. Adsorption capacities for cadmium and lead in single
solutions

The pyrolysis temperature of biochar significantly
influences its properties. As summarized in Table 2 and
Figure 2, the concentration, total adsorption, and removal rate
of Cd and Pb in single solutions were compared after
achieving adsorption equilibrium with different passivation

Nylon mesh
Silica sand
Soil

Pb: 39.7 ng/g
Cd: 4.11 pg/g

Silica sand

Fig. 1. Schematic diagram of leaching experiment (modified from
Huang B et al., 2015).

agents. The adsorption efficiency of biochar pyrolyzed at
different temperatures for Cd varies significantly: the higher
the pyrolysis temperature, the greater the adsorption
efficiency. For instance, the adsorption capacity of C700
reaches 4.21 mg/g, with an adsorption rate of 84.24%, whilst
the least efficient C300 only has an adsorption capacity of
0.79 mg/g at an adsorption rate of 15.70%. This suggests that
a higher pyrolysis temperature contributes to an improved
adsorption effect of biochar for Cd. Unlike Cd, different
passivation agents tend to have a higher adsorption quantity
and rate for Pb in the solution, and the variance among them
is relatively minimal, particularly with C600 and C700.
Interestingly, the most efficient adsorbent for Cd, C700, only
has a removal rate of 84.24%, which is 12.3% higher than the
slightly less efficient C600. However, in the Pb adsorption
experiment, C500 attained a removal rate of 89.16%, while
C600 and C700 achieved significantly higher at 99.33% and
99.74%, respectively. Judging from the removal rate, biochar’
s adsorption performance for Pb surpasses that for Cd.
Overall, mineral fertilizer performs best for Cd adsorption,
while the adsorption efficiency for Pb slightly declines
compared to C600 and C700, with C700 showing optimal
adsorption capacity for Pb.

The principal mechanisms by which different types of
biochar eliminate heavy metals include ion-exchange
precipitation, functional group adsorption chelation, and
cation-m interactions (Yang S et al, 2021). Pyrolysis

Table 2. Adsorption results of Cd and Pb in a single solution by
biochar and mineral fertilizer.

Materials Concentration/  Adsorption capacity/ Adsorption
(mg/L) (mg/g) efficiency/%
Cd Pb Cd Pb Cd Pb
C300 16.86 36.93 0.79 5.77 15.70% 38.44%
C400 14.95 13.37 1.26 11.66 2525% 77.71%
C500 8.69 9.76 2.83 13.37 56.57% 89.16%
C600 561 040 3.60 14.90 71.94%  99.33%
C700 315 0.16 421 14.96 84.24%  99.74%
M 045 059 4.39 14.85 97.76%  99.01%
1100
=) |
E‘J 75 o\\c
172}
E g
.S =
£ 150 £
g g
Q Q
s e~
O
125
0

C300 (C400 C500 C600 C700 M
Experimental groups

Fig. 2. Concentration and removal rate of Cd and Pb in a single-
solution.
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temperature influences the surface functional groups, density,
porosity, and specific surface area, altering the adsorption
capabilities of biochar (Yin D et al., 2017). This parameter is
a crucial determinant in the capacity of biochar to adsorb
heavy metals. Excessively high or low pyrolysis temperatures
are detrimental to the adsorption capabilities of biochar (Li
YC et al., 2020; Qiu BB et al., 2021). Within a certain range,
higher pyrolysis temperatures result in the volatilization of
organic acids and organic matter, thus increasing the biochar
pH. This triggers the formation of additional ash residue and
creates a more porous structure, thereby promoting ion
adsorption (Ghysels S et al., 2019; Zheng LY and Wen JB,
2020; Cai RZ et al., 2022). As the temperature increases, the
removal effectiveness of the prepared biochar incrementally
improves. The optimal temperature for this process is
approximately 700°C, as it yields the best removal results.
However, exceeding this temperature results in a reduced
removal rate (Zhang JZ et al., 2020; Fan FF and Zuo WY,
2022). This is attributed to excessively high pyrolysis
temperatures that induce the expansion of pores, the merger of
adjacent pores, or excessive ash residue, leading to pore
obstruction and thereby causing a decrease in adsorption
efficiency (Zong DP et al, 2023). Under the current
experimental  circumstances, the  optimal  biochar
carbonization temperature is also 700°C. Biochar derived
from rice husks that have been carbonized at this temperature
exhibits a BET-specific surface area of 234.61 m%/g and a
pore volume of 0.16 cm?/g, providing ample adsorption sites
due to its increased surface area and pore volume (Tahir MH
et al., 2019). Cation exchange, chelation, and precipitation are
the primary mechanisms by which biochar adsorbs Cd and Pb
(Li HB et al., 2017). Cation exchange is the dominant
adsorption mechanism at higher pH, whereas the pyrolysis
temperature influences the biochar’s pH (Harvey OR et al.,
2011). Functional group chelation is the secondary
mechanism used by biochar to adsorb Cd and Pb. Hydroxyl
groups can react with Cd (II) to form Cd-O or Cd-OH
compounds, while the cooperation of abundant functional
groups, such as -OH- and -NH-, endows the biochar with
commendable heavy metal ion adsorption performance
(Xiang JX et al., 2021; Chen T et al., 2015; Yu WC et al.,
2018). The alkaline elements within the biochar can also
stimulate the acid functional groups to deprotonate, further
enhancing adsorption capability. The substances within
biochar, such as CO", PO;, and OH, possess robust
adsorption and binding capabilities with soil ions, which
induce the conversion of free ions into a precipitate. (Hong
MF et al., 2019; Rechberger MV et al., 2019; Cheng DL et al.,
2020). Mineral fertilizers with high levels of Ca and Si, once
applied, not only increase the pH of the solution and the
negative charge of its surface but also promote the adsorption
of heavy metal cations. After applying exogenous silicon in
acidic soil, silicates adhere to the surface of the iron oxide in a
polymer form, forming many negatively charged functional
groups after silicate-iron chelation, providing more adsorption
sites for Cd** and Pb®" (Belton DJ et al., 2012). Additionally,

the silicon ions released from soil silicates can combine with
Cd** and Pb*" to form silicon precipitate, diminishing its
bioavailability (Xiao ZX et al., 2021).

3.1.2. Adsorption capacities for cadmium and lead in complex
solutions.

The adsorption of heavy metals depends not only on the
characteristics of the remedial agent but also on the nature of
metal ions and their competitive behaviour for adsorption
sites under complex conditions. Typically, the adsorption
efficiency of competitive systems for heavy metal ions is
lower than their single-ion adsorption behaviour (Park JH et
al., 2016). As shown in Table 3 and Figure 3, the removal rate
of Cd by biochar fluctuates significantly under complex
conditions. The removal rates of Cd by C600 and C700
decrease by 68.29% and 63.79%, respectively. However, the
removal rate of Pb changes minimally, indicating that Cd,
which has a low affinity to biochar, is replaced by Pb, which
has a high affinity. The removal rates of Cd and Pb by the
mineral fertilizer only show a slight decrease.

Under identical experimental conditions, the distribution
coefficient (K,) is a valuable parameter for comparing the
adsorption capabilities of different materials for any specific
ion. Variations in the adsorption patterns of passivation agents
can be confirmed by tracking changes in their distribution
coefficient (Doumer ME et al., 2016). The higher distribution

Table 3. Adsorption results of Cd and Pb in a complex solution
by biochar and mineral fertilizer.

Materials Concentration ~ Adsorption Removal rate (compared to
(mg/L) capacity(mg/g) single solution, %)
Cd Pb Cd Pb Cd Pb

C300 19.68 30.00 0.08 7.50 1.60(—14.10)  50.00(11.56)
C400 19.78 1583 0.05 11.04 1.10(—24.15) 73.62(—4.09)
C500 19.55 5.86 0.11 13.54 2.25(-54.32) 90.23(1.08)
C600 19.27 095 0.18 1476  3.65(-68.29)  98.42(-0.92)
C700 1591 0.83 1.02 1479  20.45(-63.79) 98.62(—1.12)
M 0.54 092 4.87 1477 97.30(—0.46) 98.47(—0.54)
40 =C€
P
—®-Single solutions (Cd) 1100
—®-Single solutions (Pb)
—#-Complex solution (Cd)
—#-Complex solution (Pb
_ 30+
—
E} s
g b
= 2
g =
= 20 =
£ 50 £
) g
5} O
5 ~
O
10 25
0

C300 C400 C500 €600 C700 M
Experimental groups

Fig. 3. Concentration and removal rate of Cd and Pb in a complex
solution.
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coefficient (K,) indicates stronger adsorption and reduced
solubility by the adsorbent. On the contrary, heavy metals
with lower K; can easily be replaced in competitive
adsorption by heavy metals with higher K; (Lee HS and Shin
HS, 2021). The distribution coefficient (K;) calculation
methods are as follows (Khanverdiluo S et al., 2023).

Distribution coefficients(K,) =
Equilibrium metal concentration adsorbed

Equilibrium metal concentration in solution ©)

In the formula, the equilibrium concentration of an
adsorbed substance signifies the equilibrium metal content per
unit weight of biochar and unit volume of the liquid solution.

The adsorption capacity of biochar and mineral fertilizers
for all heavy metals is lower under mixed conditions than
under single conditions, suggesting active competitive
adsorption. As shown in Figure 4, Pb exhibits higher
distribution coefficient (K,), indicating that it is more likely to
occupy adsorption sites than Cd, and this phenomenon is
evident in all types of biochar. Under competitive conditions,
the adsorption of heavy metal ions by passivation agents
largely depends on the nature of the heavy metals, not the
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Fig. 4. Adsorption distribution coefficient (K;) of Cd and Pb in
single and complex solutions.
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nature of the biochar (Lee HS and Shin HS, 2021). The
smaller hydration radius of Pb>* (4.01 A) compared to Cd**
(4.26 A) determines Pb’s greater adsorption affinity for most
functional groups, including carboxyl and phenolic groups.
Simultaneously, Pb (2.33) has a higher electronegativity than
Cd (1.69), ensuring that Pb is easier to be adsorbed than Cd
through inner-sphere complexation or adsorption reactions
(Park JH et al., 2016). Overall, whether in the Cd-Pb complex
solution or the single Pb or Cd solution, the mineral fertilizer
outperforms rice husk biochar in its ability to adsorb Cd*",
while C700 performs slightly better than the mineral fertilizer
in adsorbing Pb®". This suggests that using biochar and
mineral fertilizers in combination is crucial.

3.2. Isothermal adsorption models of different passivation
agents for cadmium and lead

Isothermal adsorption curves describe the relationship
between the concentration of the adsorbate at adsorption
equilibrium and the amount of adsorbent adsorbed. They
provide information about the adsorption process, such as the
adsorption mechanism, maximum adsorption capacity, and
characteristics of the adsorbent. This information plays a
significant role in understanding the adsorption processes
(Wang JL, Guo X, 2020; Yin ZB et al., 2020; Kalam S et al.,
2021). During the adsorption experiment, whether under
composite conditions or in single solutions of Pb*" or Cd*",
mineral fertilizer exhibited a markedly superior capacity for
Cd adsorption compared to biochar. However, C700 was
more effective in adsorbing Pb**. Based on these findings,
isothermal adsorption experiments were conducted with C700
on Pb*" and mineral fertilizer on Cd**. By changing the initial
concentrations of Cd and Pb (5-320 mg/L), adsorption
isotherms were established with a fixed dose of adsorbent to
investigate the adsorption mechanism combined with existing
experimental results. Fig. 5 and Table 4 show that the
experimental results were fitted with the Langmuir and
Freundlich isothermal adsorption equations. The deviation
between the experimental and calculated data is represented
by the correlation coefficient R The isotherm equation with
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Fig. 5. Thermodynamic model for isothermal adsorption of Cd and Pb.
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Table 4. Parameters of Cd and Pb isothermal adsorption models.
Samples Langmuir model Freundlich model
Gy (ng/g) K, (L/mg) R Kl (mg"™"™ L"/g] 1/n R
Cd (M) 32.74 0.83 0.95 12.67 0.2 0.77 Present study
Pb (C700) 25.82 1.55 0.86 12.19 0.18 0.92
Cd (C700) 6.72 0.069 0.793 - 0.219 0.524 (Dong YY etal., 2022)
Cd (M) 21.2 0.119 0.956 - 0.261 0.474

the larger R? is closer to describing the adsorption process.

As illustrated in Fig. 5, with the increase in the initial
solution concentration, the adsorption and removal rate of
Cd** by mineral fertilizer continually rises, maintaining a high
level. The onset of a certain concentration leads to slowed
adsorption growth, eventually culminating in a peak value. As
the initial concentration of Cd*" continues to escalate, an
eminent increase in adsorption follows until it reaches a
certain concentration, when the adsorption increment
decelerates or even demonstrates a slight dip. This trend is
potentially determined by the amount of adsorbent added to
the adsorption sites, which can be intensified by introducing
passivation agents, thus enhancing the adsorption (Cai RZ et
al., 2022). As the concentration of Cd*" lies within 80 mg/L,
the removal rate continuously experiences a mild incline,
reaching its peak of 98.92% at the concentration of 80 mg/L.
However, as the Cd*" concentration soars to 120 mg/L, a
persistent decrease in the removal rate occurs, ultimately
plummeting to 38.78% at 320 mg/L. Similarly to mineral
fertilizers, when the initial solution concentration is deficient,
the adsorption of Pb?* by C700 accelerates with increasing
concentration while the momentum gradually decelerates yet
persists in escalating. The removal rate of Pb*" by C700 rises
to 99.18% when the concentration of the Pb solution stands at
60 mg/L. As the Pb>" concentration ascends to 80 mg/L, its
removal rate witnesses a sustained ebb, eventually dropping to
38.66% at 320 mg/L. This peculiarity transpires because,
when the Cd and Pb concentrations in the environment are
low, ions can be swiftly absorbed onto the adsorbent sites;
however, as the Cd and Pb concentrations intensify in the
environment, a majority of the surface adsorption sites are
swiftly occupied, leaving the residual Cd and Pb ions to
diffuse into the inner pores of the adsorbent for adsorption.
Consequently, reduced gradient and decelerated adsorption
speed are observed, culminating in a balanced adsorption
quantity.

The Langmuir model is the most frequent model utilized
in gas-solid adsorption studies (Langmuir I, 1916, 1918),
depicting an equilibrium scenario of monolayer uniform
adsorption. In this scenario, the adsorbate distributes evenly
across the adsorbent surface as a monolayer, culminating in
the maximum adsorption capacity (Wang JL; Guo X, 2020).
On the other hand, the Freundlich model is commonly
employed to represent non-linear, multilayer adsorption
phenomena (Freundlich H, 1907), delineating multilayer
adsorption on heterogeneous surfaces (Wang CY et al., 2017;
Zaheer Z et al., 2019), This means that it operates under the
premise of a non-uniform adsorbent surface, simulating

adsorbent behavior. After fitting the adsorption amount via
the Langmuir and Freundlich models, the isotherm adsorption
curve of Cd** by mineral fertilizer is more congruent with the
Langmuir isotherm adsorption model. Consequently, for the
adsorption of Cd by mineral fertilizer, homogeneous
monolayer adsorption is more beneficial than non-uniform
multilayer adsorption, and the adsorption of Cd**
predominantly exists in monolayer adsorption (Chen ZM et
al., 2012). The adsorption of Pb?* by rice husk biochar is
more compatible with the Freundlich model. Within the
model’s expression, the Langmuir constant K; (L/mg), the
ratio of adsorption and desorption rates exhibits the affinity
between the adsorbent and the adsorbate. Both the theoretical
adsorption capacity for Cd by mineral fertilizer and the K are
significantly higher than those for Cd by C700, while the
affinity for Pb by C700 (1.55) is remarkably more significant
than that for Cd (0.069), aligning with experimental findings.
An essential feature of the Langmuir constant R; is its
capacity to utilize the dimensionless constant of the separation
factor to predict the affinity between the adsorbate and the
adsorbent, determining whether a particular adsorption system
is “favorable” or “unfavorable”.

1
T 1+K,C,

R, (6)

K; and C; (mg/L) correspond to the Langmuir constant of
the metallic ions utilized in this research and the initial ionic
concentration. Typically, R;<I insinuates that the adsorption
is favorable, R;=0 denotes that the adsorption is irreversible,
R;=1 signifies a linear adsorption isotherm, and R;>1
represents unfavorable adsorption (Barczak M et al., 2015;

0.20
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Fig. 6. Separation factor (R;) for different initial concentrations.
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Kalam S et al.,, 2021). As demonstrated in Figure 6, the
increase in the initial concentrations of Cd and Pb leads to a
decrease in R;, signifying increased favorability towards ionic
adsorption. However, as R; approximates towards 0, it
gradually becomes unfavorable for adsorption, aligning with
findings where the removal rate declines as the concentration
escalates.

Pertaining to the adsorption of Pb by biochar, the
Freundlich fit results prove superior (R?>=0.92). K, and n
symbolize the adsorbent’s capacity and the intensity (Wang
TT et al., 2017). The larger the K, the stronger the adsorbent’
s adsorption capacity for heavy metal ions (Li JH et al., 2012).
When 0<1/n<I1, the adsorption is favorable; when 1/n>1,
adsorption is unfavorable (Kalam S et al., 2021). In this study,
all 1/n values are less than 1, indicating favorable adsorption
processes. This signifies that the primary process for the
adsorption of Pb by C700 involves non-linear adsorption,
predominantly occurring on heterogeneous surfaces with
multiple molecular layers, and exhibits a substantial
adsorption capacity (Liu YD et al., 2011; Dai B et al., 2019).

3.3. Effect of different proportions of composite passivation
agents on the leaching amount of Cd and Pb

Typically, the elution of ionic concentration diminishes
with time progression (Van Poucke R et al., 2020). Following
the addition of different passivation agents to the soil, changes
in heavy metal leachate concentration are portrayed in Fig. 7,
with the leachate solution concentrations of Cd and Pb
decreasing as time transpires. Utilizing the fourth day as a
pivot, within the 0—4 day period, Cd elution concentrations
respectively dwindled by 53.29%-84.84%, while Pb’s fell by
86.11%-93.66%. Pb’s elution concentration plummets faster
due to its superior occupancy of adsorption sites in a
competing Cd, Pb adsorption system, preventing easy
leaching with the solution. This is also evident in the initial
concentrations of Cd and Pb in the leachate, where, although
the soil Pb concentration (39.7 ng/g) exceeds that of Cd (4.11
ng/g), the Pb concentration in the leachate is lower.

The Cd and Pb leachate concentration variations across

100
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_ C3M7
a
% 10} COM10
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<
2
g
g
O
0.1

1 2345678 910111213141516
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the six sample groups can generally be categorized into two.
Firstly, the C10MO (soil column supplemented solely with
rice husk biochar) and the control group exhibit lower early-
stage leachate concentrations that gradually increases,
particularly for Pb, which, despite a brief dip, maintains a
higher position from day two onwards. Secondly, the C7TM3,
C5MS5, C3M7, and COMI10 groups display high initial
concentrations that persistently and gradually decline.

When only the biochar is added to the soil, the
introduction of biochar increases the soil pH and levels of
organic matter, which later decrease over time. Experiments
have indicated that the leachate concentration of heavy metal
ions in soils treated with biochar increases over time but
remains lower than control groups (O’Connor D et al., 2018).
This resonates deeply with the observations from this
experiment and can be attributed to changes in soil pH.
Specifically, a decrease in soil pH over time leads to enhanced
metal activity. Under simulated acid rain conditions, soil Pb is
also mobilized, however, since the adsorption sites are
occupied, it is not absorbed by the biochar, leading to a
continuous increase in the leachate’s Pb concentration (Fig. 7).

In the four experimental sets involving mineral fertilizers
(C7TM3, C5MS5, C3M7, COM10) the higher the proportion of
mineral fertilizer, the greater the initial leaching concentration
for Cd, and which decreased as the mineral fertilizer ratio was
reduced. The group with the highest ratio, COM10, attained a
peak concentration 39.72 ng/L, 16.29 times greater than the
biochar-only group and 3.89 times larger than that observed in
the control group; Pb mirrors a similar concentration trend to
Cd. Generally, biochar absorbs Cd>* and Pb*" at a faster pace,
achieving equilibrium within several dozen minutes (Wang Q
et al., 2017), while mineral fertilizer’s adsorption of Cd** and
Pb>" is considerably slower, seemingly requiring several
hours or even days for equilibrium. This is attributed to
biochar’s negatively charged surface quickly absorbing
positively charged metal ions (Wang Q et al, 2017). In
contrast, mineral fertilizers possess smaller specific surface
areas and pore volumes, necessitating a dissolution and re-
precipitation process before creating effective adsorption
sites. In the later stages of leaching, the initially largest
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Fig. 7. Concentration of Cd and Pb in leachate.
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concentration group, COMI10, gradually descends to the
lowest, aligning with the known adsorption characteristics of
biochar and mineral fertilizers. This highlights that the ratio of
adsorbent is a critical influencer in the adsorption process
(Chen T et al., 2015), and an increase in mineral fertilizer
enhances adsorption stability (O’Connor D et al., 2018).

After adding amendments, the accumulated leaching
concentrations still follow the rule of fast-then-slow in the
leaching process (Fig. 8). The cumulative leaching amount of
Cd under different amendment scenarios shows a similar
temporal trend, characterized by two stages: Initial rapid
leaching followed by a slower pace. Pb’s cumulative leaching
amounts are largely similar to Cd, with the exceptions being
the C10MO (soil column only supplemented with rice husk
biochar) and the control group, both showing a continuous
increase, directly corresponding with the daily concentration
trends of Cd and Pb. Soil Cd predominantly exists in a weakly
acidic extraction state and readily migrates back into the soil
solution during weak acid leaching processes when external
environments alter, and wherein mineral fertilizers cannot yet
function fully, leading to a rapid increase in the initial
leaching amount. Concurrently, due to Pb’s competitive
adsorption with Cd, the reduction speed in Cd’s leaching
concentration lags behind Pb.

Typically, the efficiency of composite amendments
surpasses that of solitary ones. By coordinating the use of
biochar and mineral fertilizer, the cumulative leaching of Cd
and Pb can be significantly reduced. As demonstrated in
Figure 9, the lowest total Pb leaching is observed in the C3M7
(a reduction of 74.62% compared to the control group) and
C7M3 groups (a reduction of 72.91% compared to the control
group). Conversely, Cd’s total leaching quantity is majorly
influenced by adding mineral fertilizer to the regenerative
substance. The more mineral fertilizer added, the greater the
total leaching volume of Cd. The minimum amount of Cd
leaching is seen in the C10MO (a reduction of 44.55%
compared to the control group) and C7M3 groups (a reduction
of 4.37% compared to the control group). To concurrently
reduce the leaching of both Pb and Cd to a certain extent in
leaching trials, the C7M3 formulation should be selected.
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Considering the natural degradation of biochar itself is
incredibly slow (Zimmerman AR, 2010), biochar is often
viewed as an inert substance within the timescale of most soil
recovery projects, thus feasibly immobilizing soil pollutants
for extended periods. During actual application, it is crucial to
consider the ratio of different passivation agents in use.

4. Conclusions

In this study, adsorption experiments revealed that the
higher the biochar pyrolysis temperature, the better the
adsorption effect, with C700 proving to be the most effective
biochar for adsorbing Cd** and Pb>". Also, C700 manifested a
slightly better capacity for Pb?" adsorption than mineral
fertilizers, though its adsorption performance for Cd*" was
inferior. In the combined solution of Cd and Pb adsorption
experiment, both biochar and mineral fertilizers exhibited less
adsorption for Cd and Pb compared to solitary conditions,
with Pb displaying a significantly higher distribution
coefficient (K,;) than Cd, indicating vigorous competitive ion
adsorption. The isothermal adsorption behaviour of mineral
fertilizers for Cd obeys the Langmuir isothermal adsorption
model, whereas C700’s adsorption behaviour for Pb aligns
more with the Freundlich isothermal adsorption model.

Combining mineral fertilizers and biochar outperforms
single passivation agents in adsorbing heavy metals,
effectively reducing the total amount of Cd and Pb leaching
cumulatively in the soil. The two groups with the lowest total
amount of Pb leaching are C3M7 and C7M3. In contrast, the
least amount of Cd leaching is seen in C10M0 and C7M3.
Considering these combined factors, the optimal formula to
employ would be C7TM3.
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Fig. 8. Accumulated leaching amount of Cd and Pb in the leachate.
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